Eukaryotic and prokaryotic cells use cytoskeletal proteins to regulate and modify cell shape. During cytokinesis or eukaryotic cell crawling, contractile forces are generated inside the cell to constrict the division site or to haul the rear of the cell forward, respectively. In many cases, these forces have been attributed to the activity of molecular motors, such as myosin II, which, by pulling on actin filaments, can produce contraction of the actin cytoskeleton. However, prokaryotic division is driven by the tubulin-like protein FtsZ and does not seem to require additional molecular motors to constrict the division site. Likewise, Dictyostelium discoideum and Saccharomyces cerevisiae can perform cytokinesis under motor-free conditions. In addition, many crawling cells can translocate when myosin is inhibited or absent. In this review, we point out another force-generation mechanism that can play a significant role in driving these processes in eukaryotes and prokaryotes. This mechanism is mediated by cross-linking and bundling proteins that form effective interactions between cytoskeletal filaments. Some recent studies in this area are reviewed and the physical underpinnings of this force-generation mechanism are explained.
Introduction
Cells and living organisms must maintain structural cohesion and generate forces in order to complete their life cycle. Cytoskeletal filaments, such as F-actin, microtubules, and intermediate filaments, are the primary components involved in these tasks. In the cell, cytoskeletal filaments serve a number of important roles: they are the primary structural scaffolds of the cell; they act as passive tracks for intracellular transport; and they are involved in essential cellular tasks such as division, signaling, and cell motility. All of these processes rely heavily on cytoskeletal growth, remodeling, and maintenance, and emerging insights are beginning to demystify cytoskeletal regulation [1] [2] [3] [4] . For example, the growth of actin filaments is important in the generation of cell protrusions and cell motility: by virtue of momentum balance, these growing polymers can exert forces. And, indeed, the physical underpinnings of protrusive force generation, spanning from the molecular to the cellular level, are now reasonably well understood [3] . Computational modeling of these motions has captured many of the salient features observed in experiments, including the actions of the actin-nucleation factors Arp2/3 complex and formins [5] . Nevertheless, protrusive force generation is only part of the story. Equally important are contractile forces, which are needed to pull up the trailing edge during cell movement and to constrict the cell circumference during division. Traditionally, contractile forces are thought to originate from non-muscle myosin-II, an ATP-powered molecular motor that slides actin filaments relative to each other. However, emerging evidence suggests that bundling and cross-linking of cytoskeletal filaments may also be a general mechanism for generating these forces. In this review, we summarize a physical mechanism that may allow cells to produce contractile forces without molecular motors and discuss evidence that this mechanism plays a role in cell motility and cell division.
Using Cross-linking, Bundling, and Depolymerization to Contract Force generation at the molecular level typically relies on harnessing energy in a strongly fluctuating thermal environment. While fluctuating random motions by themselves cannot do net work, chemical energy can be used to ratchet favorable fluctuations and accomplish useful tasks. Or, in physics-speak, force generation at the molecular level can be understood from the statistical thermodynamics concept of the free energy, which includes enthalpic and entropic contributions from molecular interactions such as chemical bond energies, solvent re-arrangement, and enzyme conformational change (Box 1). This is why ATP can be used as a fuel source for force generation: its terminal phosphate bond stores about 100 pN3nm of chemical free energy that is released during hydrolysis. Motor proteins utilize the phosphate bond free energy, and, in a manner similar to mechanical engines, channel it to perform mechanical work. Forces generated by growing actin filaments are also powered by the binding free energy of adding monomeric G-actin to the barbed end of F-actin. There are other ways that free energy changes can be leveraged. Classic examples are the entropic work performed by expanding gas in pistons, which still powers most mechanical engines, and the contraction of a heated polymer, which is also entropic in origin.
How might cells use similar mechanisms to generate contractile forces without molecular motors? Consider the case of a solution of non-interacting filaments. Random motions of the filaments (entropy) act to disperse the filaments evenly throughout the solution. If attractive interactions are then introduced between the filaments, such as by adding proteins that can cross-link the filaments, then there will be a tendency for the filaments to coalesce, i.e., the overall density of the network will tend to increase because it is favorable for the filaments to be closer to each other. If an external load is attached to some of the filaments, the density increase will generate mechanical work ( Figure 1 ). And, if the total number of filaments is constant, then the density increase will also lower the volume of the network, leading to a contraction.
These physical ideas can be quantified using simple models for the free energy, such as the original phenomenological theories of van der Waals, which are still the standard model for describing attractive gases, fluids, and polymers.
In these models, the free energy of a system of particles is defined in terms of the density of the particles in the system. The entropic part of the free energy favors low particle (filament) density, which acts like a pressure that tries to expand the volume. The enthalpic part of the free energy includes attractive interactions between the particles (filaments), which favors high densities where the particles (filaments) can maximize their interactions with each other. These opposing factors compete and drive the system to a preferred density. If the density of the particles deviates from this preferred density, then there is a restoring force that tries to return the system to the preferred density. In other words, a network of filaments that is not at the 'correct' density will expand or shrink toward the preferred configuration, leading to force production. For soft filaments or polymers, additional free energy contributions arise from the configurations of the polymer. For example, in the absence of external constraints, polymers tend to adopt a compact globule shape. But these additional details do not change the basic picture outlined here.
For the eukaryotic cytoskeleton (i.e., F-actin and microtubules), direct attractive interactions between filaments are presumably weak. Indeed, microtubules themselves do not interact directly, even though tubulin protofilaments bundle together to form the microtubule. Cross-linking and bundling proteins, however, can produce effective interactions between actin filaments or microtubules, with the added benefit that these interactions can then be regulated. For F-actin, a-actinin and fascin are two common cross-linking and bundling proteins [6, 7] . From the free energy standpoint, the configuration of two filaments cross-linked by one of these proteins is more favorable than the configuration where the filaments are not cross-linked. The free energy of cross-linking depends on the concentration of crosslinkers. Thus, by controlling the spatial and temporal concentrations of bundlers and cross-linkers, the cell has the ability to control the configuration of the cytoskeletal network and generate forces at appropriate times.
In addition to controlling bundling and cross-linking, cells can actively control the state of polymerization of the cytoskeleton. Perhaps counter-intuitively, depolymerization of cytoskeletal filaments in the presence of cross-linkers can generate contractile forces ( Figure 1 ). Here, depolymerization reduces the filament density. The cytoskeletal network responds by reorganizing to return to the preferred density, i.e., it contracts. An important caveat of this mechanism is that the dissociated monomer must be able to escape the local region where it depolymerized, because the monomer will produce a pressure on the filaments that could act to swell the system.
Physical Requirements and Limitations
An important requirement for these mechanisms to work is that the cross-linking/bundling proteins must form transient connections between the filaments. If the cross-links are permanent, then the cytoskeleton will be unable to reorganize and would be unable to respond to changes in density. Therefore, the binding energy of a single cross-linking or bundling protein should not exceed a few k B T (where k B is Boltzmann's constant and T is the absolute temperature). Elastic forces: In solid objects, the force between neighboring molecules is related to the distance between the molecules and the stiffness of the material. The stiffness of the material is usually stated in terms of the shear modulus and the Young's modulus. Enthalpy: The capacity to do non-mechanical work and/or release heat. In terms of chemical bonds, it defines the energy stored in the bonds. Entropy: The number of accessible configurations (states) of a molecular system, which sharply varies with factors such as the internal energy and volume of the system. Therefore, the system will likely adopt energies and volumes with the highest number of accessible states, maximizing entropy. Free energy: The available mechanical work that can be extracted from a system when entropic and enthalpic factors are taken into account. Bond energies are forms of free energy where molecular level interactions and fluctuations both contribute. Stress: The force per area that acts on the surface of an arbitrary volume. The force per volume (f) is given by the divergence of the stress (s): f = V $ s. The stress can be derived by considering how the free energy changes with the density of the cytoskeletal filaments. When the free energy is written in terms of the fraction of filaments per volume, f, the magnitude of the stress is approximately equal to
where f 0 is the preferred volume fraction, which depends on the binding energy and density of the cross-linking proteins, and V m is the size of a single monomer of the cytoskeleton. From the definition of the force per volume, the total force generated inside a cell can be estimated as
where L is a characteristic size of the cell. Assuming a volume fraction of 5%, a cell size of 10 mm, and a monomer volume of 10 nm 3 , this force is around 4 nN.
Viscous forces: In fluids, the viscous force between neighboring molecules is proportional to the velocity with which the molecules slide against each other. The strength of this interaction is given by the fluid viscosity h. In migrating cells, the viscosity of the actin cytoskeleton is around 50 pN3s/mm 2 [4] . The magnitude of the viscous stress in a fluid is the viscosity times the velocity gradient. Balancing the viscous stress in the cytoskeleton, with the stress from the free energy, the maximal velocity can be estimated as V max = sL/h. Using the numbers above, the maximum velocities are a few microns per second. Drag between the substrate and the cytoskeleton can greatly reduce this maximum value.
An interesting consequence of the transient binding of these proteins is that it naturally leads to viscoelastic behavior. On timescales shorter than the off-rate for the cross-linking proteins, the filament network will behave like an elastic solid, whereas on longer timescales, the network can flow and, therefore, behaves like a viscous fluid. And, indeed, the actin cytoskeleton shows viscoelastic behavior with a crossover time between these two regimes of a few seconds [4, [8] [9] [10] [11] . In fact, the dynamics of two cross-linked filaments sliding against each other can be described by a simple solvable model, which results in both elastic and viscous (friction) forces between the filaments, and, at the whole-cell level, these processes may allow cells to sense the mechanical properties of their environment [12] . The concepts presented in the last few paragraphs can be summed up in a convenient way. Attractive interactions between filaments pull the filaments together, where thermal fluctuations try to pull them apart. These two effects conspire to drive the filaments to a certain density. If the system is at a lower density, then there will be forces that act on the filaments that pull them together. If the binding energy between the filaments is large, then the force can be large. However, large binding energies mean that the cross-links that hold the system together are long-lived. Therefore, even though there are large forces, the system will contract slowly. At low binding energies, the turnover time of the cross-links is fast, but the forces are weak. The system still contracts slowly. In between these two regimes, however, it is possible to get moderate forces and moderate contraction velocities.
Estimating the Forces and Velocities Produced by Cross-linking, Bundling, and Depolymerization But how much force can really be generated by cross-linking and/or depolymerization? The simplest case to consider is that of two parallel filaments with evenly spaced cross-linking sites arranged along the length. If the filaments do not completely overlap (as in Figure 1B) , then an order of magnitude estimate of the force between the filaments is given by the binding energy of a single cross-link times the number of cross-link sites per length. If the spacing between cross-link sites is 20 nm and the binding energy is equal to k B T, then the two filaments would each experience a force of around 0.2 pN, roughly ten times less than the maximum force from a single molecular motor. A model for cell division estimates that the force required to constrict a bacterium during Consider two moveable walls, each with a polymer grafted to it and with a solution of cross-linkers between them. When there is overlap between the two polymers, the cross-linking proteins can bind the filaments together, increasing the total binding energy of the system. Thermal fluctuations that increase the overlap between the filaments will be energetically favored, as they provide more opportunities for binding of the crosslinkers. Higher densities of cross-linking proteins produce larger, but slower, contractions. (C) Now consider a similar system with an intermediary filament bound to each of the grafted polymers. Disassembly of the central filament along with thermal fluctuations can allow the two remaining polymers to bind, which ratchets the system in a contracted state. These mechanisms may explain how cytokinesis can occur without motors. (D) In eukaryotic cells, a division ring made of F-actin, myosin II, and other cross-linking proteins is responsible for contracting the cell during division. The contraction can proceed without myosin motor activity, with some experiments suggesting that cross-linking and depolymerization of F-actin may play an important role. The mechanisms described in (C) could be responsible for contractile force generation. (E) In prokaryotic cells, division is carried out by the Z-ring, which is a disordered assembly of short FtsZ filaments. Again, lateral bundling interactions between FtsZ filaments can drive contraction. cell division may be as small as 10 pN [13] , which would then only require around 50 filaments.
The forces driving eukaryotic cell crawling are significantly larger. For example, the force required to halt a crawling keratocyte is on the order of 10 nN [14] . Can bundling and/ or depolymerization account for this scale of force production? To describe the behavior of large numbers of filaments, it is easiest to work in terms of the stress (which describes the force per area that is exerted on the surface of a volume containing the filaments). The free energy discussed in this review leads to a stress that is roughly proportional to the difference between the actual cytoskeletal density and the preferred density [15] ; i.e., the cytoskeleton behaves like a spring (see Box 1 for the equation relating stress to force). A rough estimate of the maximum force that can be generated is 10 nN, which can lead to cytoskeletal velocities of up to a few microns per second (Box 1).
Cytokinesis and Cell Motility Without Molecular Motors
A number of recent experiments across different organisms support this view of force generation without molecular motors. Take, for example, bacterial cell division. Bacterial cells grow, replicate their DNA, partition the two copies of the genome to opposite sides of the cell, and then constrict the cell envelope while building new cell-wall material, which divides the cell into two daughter cells [13] . Constriction of the cell is dependent on the Z-ring, a conglomerate of proteins that forms a hoop-like structure at the center of the cell in rod-shaped bacteria and also forms a ring-like structure in coccoid-shaped cells [16, 17] (Figure 1E ). The major component of the Z-ring is FtsZ, a bacterial homologue of tubulin. Like tubulin, FtsZ itself forms filaments and has weak bundling activity, but microtubule-like structures have not been observed. In addition, there do not seem to be motor proteins like dyneins and kinesins that bind to FtsZ. How then does the Z-ring constrict? One hypothesis is that lateral bundling interactions between FtsZ filaments cause the contraction, and computational modeling confirms that this mechanism can produce sufficient force to drive cytokinesis [18] . An alternative mechanism is based on the possible conformational change of GTP-bound FtsZ upon GTP hydrolysis, generating curved FtsZ filaments [19, 20] . But the GTP hydrolysis activity of FtsZ was not found to be essential for division [21] . It is possible, though, that multiple mechanisms are at play in the Z-ring in order to achieve robustness.
Cell division in eukaryotic cells does not always require motor proteins either. Here a ring composed of actin, myosin II, and a number of other proteins forms at the center of the cell ( Figure 1D ). As in bacteria, constriction of this ring separates the cell into two halves. This constriction is believed to be driven by myosin-induced contraction of the actin. In two organisms, however, there is evidence that this is not the sole mechanism driving constriction of the division site. Dictyostelium discoideum cells that are adhered to a substrate can divide even when myosin is absent; cells in suspension, however, still require myosin in order to divide [22, 23] . Interestingly, the actin-bundling protein cortexillin concentrates near the division furrow and facilitates contraction [24] . In addition, cytokinesis in myosin II null Dictyostelium cells can be described by a model in which cortical tension induces contraction [25] and the dynamics of contraction correlate with perturbations in cortical crosslinking proteins [26] . Furthermore, modeling also shows Fish keratocytes crawl with a roughly constant speed V while maintaining a characteristic half-moon shape. The actin at the leading edge is dendritic; however, high concentrations of myosin at the rear of the cell (shown by the colormap) cause the actin to align and bundle in a direction perpendicular to the direction in which the cell crawls. Myosin-mediated cross-linking of actin filaments may produce some of the contractile force inside the keratocyte. Gray oval denotes the cell body. In addition, actin depolymerization may also assist. Panels (A,B) redrawn from [38, 40] . Panel (C) redrawn from [15] .
that depolymerization in the presence of cross-linkers that track actin filament ends can explain cytokinesis in myosin II null cells [27] . In Saccharomyces cerevisiae, an actin-myosin division ring also carries out cytokinesis. But again, the motor activity of myosin is not required for successful division [28] [29] [30] . Instead, gradual actin depolymerization during contraction is observed. Since myosin itself is a cross-linker of actin filaments, it is possible that the cross-linking activity of myosin is more important than the motor activity and, in conjunction with regulated depolymerization, is able to generate sufficient forces. In crawling cells, the leading edge is pushed forward by polymerization of the actin cytoskeleton, and the rear of the cell is believed to be hauled forward by contraction of the cytoskeleton. The force driving this contraction has traditionally been attributed to myosin motor activity [31] ; however, myosin II-null D. discoideum cells are still capable of locomotion [32, 33] , and myosin IIA-deficient fibroblasts migrate faster than wild-type cells [34] . Likewise, inhibition of myosin using blebbistatin or ML-7 only moderately affects the crawling speeds of fish keratocytes on 2D substrates [35] or cancer cells in 3D matrices [36, 37] . So, how do cells haul themselves forward when myosin is inhibited or absent? One possibility is that the depolymerization mechanism mentioned above may play a role. Indeed, in vitro experiments using the major sperm protein (MSP) cytoskeleton of nematode sperm showed that MSP depolymerization accompanied force-producing contraction of the network [38] , and a model for depolymerization-induced contraction can reproduce the dependence of crawling speed on cell size and shape [15] (Figure 2 ). The mechanism underlying this force production was originally explained by the entropic elasticity in the network [39] ; however, more recent experiments show that the MSP in the comet tails is shorter than the persistence length of the filaments [40] , which argues against the entropic elasticity model since short filaments are relatively rigid and the force from entropic elasticity depends on the flexibility of the filaments. Might depolymerization also produce forces in actin-based crawling cells? One hint that this is the case comes from traction force microscopy of D. discoideum, where cells expressing a myosin II mutant that lacks the essential light chain but retains actin cross-linking activity show only a slight reduction in traction force [41] . Therefore, transient cross-linking of depolymerizing actin by myosin may help to drive migrating cells.
Conclusions
We have seen that cells can utilize a variety of physical mechanisms for generating forces during cytokinesis and cell movement. Though not directly related to force production, it should be noted that similar physical mechanisms may also play an important role in other arenas of cell biology. For example, during the development of Caenorhabditis elegans embryos, the progenitors of the germ cells contain RNA-rich cytoplasmic bodies called P-granules, whereas all other cells do not [42, 43] . Recent experiments have shown that P-granules behave as a liquid droplet, held together by weak binding affinities and, presumably, spatial modulation of binding affinities causes the granules to coalesce preferentially on one side of the fertilized egg [44] . Therefore, P-granule localization, and possibly other mechanisms underlying cell differentiation, may rely on similar physical principles as the force-producing mechanisms that we described here. Indeed, a good generic mechanism (nicely described by a simple theory) can easily be subsumed to accomplish different tasks.
It is now clear that cytoskeletal proteins are much more than simple mechanical elements. Cells have a number of accessory proteins that can actively regulate the behavior of the cytoskeletal network. Taking advantage of a variety of physical mechanisms, cells can generate forces in surprising ways. Motor proteins are only a part of the story. These different available mechanisms of course contribute to the robustness and redundancy that are needed for cells to thrive in different environments.
